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Abstract 

Aluminum  based  metallic  glasses  are  of  technological  importance  due  to 
their  high  strength,  low  density,  and  anticipated  high  resistance  to 
corrosion.  We  report  on  the  corrosion  characteristics  such  as  co^msion 
potentials,  corrosion  currents,  and  pitting  potentials  of  me't'SPun  ribbons 

ofAl  Fein  Ce  (x  =  3,5,7).  In  addition,  we  have  examined  the  chemistry, 

:truct^^^^^^^^^^^^^  native  and  Passive  oxide  films  using 

ray  Absorption  Fine  Structure  Spectroscopy,  X-ray  PhOujelectron 
Spectroscopy,  and  Scanning  Electron  Microscopy, 
were  induced  by  anodizing  below  the  pitting  potential  in  an  aqueous 
solution  of  0.9  wt%  NaCl  for  30  and  60  minutes  using  potentiodynamic 

polarization  techniques. 


Introduction 


Aluminum  based  metallic  glasses  with  remarkably  high  A1  content 
are  relatively  new  materials  that  were  discovered  independently  by  He 
et  al.’  and  Tsai  et  al.^  Typical  composition  is  Al-TM-RE  vvhere  TM  is  a 
late  transition  element  such  as  iron,  cobalt,  or  nickel  and  RE  is  a  ra 
earth  element  such  as  yttrium,  gadolinium  or  cerium.  These 
alloys  can  be  prepared  with  high  aluminum  content  by  rapi  so  i  i  ica 


/ 


from  the  liquid  phase  using  the  melt-spinning  method’'^  or  by  vapor 
quenching  using  the  dc  magnetron  sputtering  method.^  The  amorphous 
phase  is  formed  with  an  Al  content  as  high  as  90  atomic  percent  and  are 
truly  non-crystalline  alloys  which  combine  the  properties  of  a  metal  with 
the  short  range  order  of  a  glass.  They  are  very  homogenous  and  lack 
the  defects  such  as  grain  boundaries  and  dislocations  typical  of  a 
crystalline  material.  The  homogeneity  and  the  lack  of  grain  boundaries 
have  led  to  a  number  of  remarkable  mechanical'*®  and  magnetic® 
properties.  Amorphous  ribbons  of  melt  spun  materials  have  high 
strength,  ductility,  and  low  density.  It  is  also  expected  that,  due  to  lack 
of  grain  boundaries,  this  material  wiil  have  high  resistance  to  corrosion. 
Consequently,  these  materials  are  potentially  important  metallic  materials 
for  many  critical  engineering  applications. 

In  this  paper,  we  report  on  the  corrosion  characteristics  as  well  as 
the  chemistry,  structure  and  morphology  of  the  native  and  passive  oxide 
films  of  melt-spun  AlgoFeio-xCe^  (x  =  3,  5  and  7)  using  Scanning  Electron 
Microscopy  (SEM),  X-ray  Photoelectron  Spectroscopy  (XPS),  and  X-ray 
Absorption  Fine  Structure  Spectroscopy  (XAFS). 

Experimental 


Sample  Preparation: 

Amorphous  samples  in  the  form  of  25  micron  thick  ribbons  with 
nominal  composition,  AlgoFe^Ceio-x  (x  =  3»  5  and  7),  were  prepared  by 
rapid  solidification  from  the  liquid  phase  using  tfie  melt-spinning  method. 
For  comparison  purposes,  crystalline  Al9oFe3Ce7  was  prepared  from 
amorphous  AlgoFegCey  by  heating  in  an  inert  atmosphere. 

Corrosion  Measurements: 

Corrosion  characteristics  such  as  corrosion  potentials,  corrosion 
currents  and  pitting  potentials  of  these  alloys  were  determined  by  means 
of  potentiodynamic  polarization  measurements  made  on  samples 
immersed  in  an  aqueous  solution  of  0.9  wt%  NaCI  (0.1 5M).  The 
meLSurements  on  the  alloys  were  compared  with  those  of  pure  aluminum 
and  iron.  Passive  films  were  formed  in  the  0.9  wt%  NaCl  solution  by 
anodizing  below  the  pitting  potential  for  30  and  60  minutes.  Passivation 
of  Al9oFe7Ce3  was  also  induced  in  3.5  Wt%  (0.6  M)  NaCl  by  anodizing 
below  the  pitting  potential  for  30  minutes.  The  passivated  samples  were 


then  pulled  from  the  solution  and  dried  in  a  stream  of  nitrogen  gas.  The 
effect  of  sample  rinsing  with  copious  amounts  of  deionized  HjO  on  the 
chemistry  and  structure  of  passive  films  was  also  investigated. 

SEM  Measurements: 

An  Amray  1000A  scanning  electron  microscope  (SEM)  was  used 
to  investigate  the  morphology  of  control  (no  passivation)  and  passivated 
alloys.  An  electron  beam  at  a  voltage  of  20  KeV,  current  of  0.01  na, 
and  a  diameter  of  the  order  of  100  A  was  employed.  Compositional 
analyses  were  made  by  means  of  Energy  Dispersive  Analysis  of  X-Rays 
(EDAX).  At  the  conditions  of  our  experiment,  the  EDAX  determined 
composition  represents  that  of  the  bulk  (roughly  2//m  deep). 
Experiments  were  performed  at  a  system  pressure  less  than  10  ®  Torr. 

XPS  Measurements: 

XPS  spectra  were  collected  using  a  Perkin-Elmer/Physical 
Electronics  Division  photoelectron  spectrometer  (model  5400)  under 
computer  control.  All  spectra  were  obtained  with  monochromatized  Al 
x-rays  (hv=  1486.6  eV).  The  anode  operated  at  15  KV  drawing  a 
current  of  40  mA,  The  composition  and  chemistry  of  the  native  oxide 
films  were  investigated  using  angle  resolved  XPS.  During  the  XPS 
measurements,  the  analysis  chamber  pressure  was  kept  in  the  range  of 
(1-3)x10  ®  Torr.  The  XPS  data  were  collected  from  an  analysis  area  of 
1mm  x  1mm.  All  binding  energies  were  referenced  to  the  C  Is 
photoelectron  line  for  adventitious  hydrocarbon  set  at  285.0  eV. 

XAFS  Measurements: 

The  X-ray  absorption  experiments  were  performed  on  beamline  X- 
11A  of  the  National  Synchrotron  Light  Source  (NSLS)  at  Brookhaven 
National  Laboratory  (BNL)  with  the  electron  storage  ring  operating  at  an 
electron  energy  of  2.5  GeV  and  a  stored  current  in  the  range  of  1 10  to 
220  mA.^  Data  were  collected  with  a  variable  exit  double-crystal 
monochromator  using  two  flat  Si(1 11)  crystals.  Spectra  of  the  Ce  L3- 
edge  and  Fe  K-edge  data  for  the  alloys  were  obtained  using  transmission, 
iluorescence®  and  total  electron  yield®  detection  modes.  The 
fluorescence  and  total  electron  yield  data  were  obtained  using  a 
specialized  fluorescence  ion  chamber  detector^®  and  total  electron  yield 
detector,’’  respectively.  The  X-ray  intensities  were  monitored  using 


ionization  chambers  filled  with  nitrogen  gas  for  the  incident  beam,  an 
appropriate  mixture  of  nitrogen  and  argon  gases  for  the  transmitted 
beam  and  krypton  gas  for  fluorescence  signal.  The  electron  yield 
detector  had  helium  gas.  The  background  component  due  to  elastic  and 
Compton  scattering  of  the  incident  X-rays  was  minimized  by  using  an 
aluminum  Seller  slit  assembly  and  V  and  Mn  filters,  each  with  an 
effective  thickness  of  three  absorption  lengths,  for  the  Ce  Lg-edge  and 
Fe  K-edge,  respectively.  Due  to  surface  sensitivity  of  the  electron  yield 
data  and,  hence,  enhanced  sensitivity  to  the  passive  film  structure,  only 
the  electron  yield  spectra  for  the  passivated  alloys  will  be  discussed  in 
this  paper.  The  energy  calibration  for  Fe,  and  Ce  was  monitored  using 
a  Fe  foil  and  a  CeOj  reference  and  employing  a  third  ion  chamber  filled 
with  the  same  gas  as  that  of  the  transmitted  beam  ion  chamber. 

Reference  samples  of  bulk  Fe  (5  //m  thick  foil),  FejOg,  CelNOalg, 
and  CeOj  were  also  investigated  to  serve  as  standards  for  comparison 
and  subsequent  data  analysis.  The  XAFS  measurements  for  the  Fe  foil, 
FejOj,  CelNOalj,  and  CeOj  were  made  in  the  transmission  mode. 
Research  grade  FejOa,  CelNOjla,  and  CeOj  were  prepared  for  the  x-ray 
absorption  measurements  by  grinding  into  a  fine  powder  and  selecting 
particles  less  than  IQijm  by  sieving  through  a  20  ijn\  size  nylon  screen. 
The  fine  powder  was  then  deposited  on  Kapton  tape  and  several  layers 
were  then  stacked  to  give  a  relatively  uniform  thickness  appropriate  for 
XAFS  measurements.  Two  and  four  layers  were  used  in  separate  runs 
for  Fe203  giving  a  A/;x  of  0.53  and  1.00,  respectively.  Six  layers  were 
used  for  CelNOalj  giving  a  Ayt/x  of  0.64.  Six  layers  were  used  for  CeOj 
giving  a  A/;x  cf  0.^1 .  All  spectra  were  measured  at  room  tt  nperature 
(300  K). 


Results 

Potentiodynamic  Polarization  Studies: 

Figure  1  shows  typical  anodic  dissolution/passivation  curves  for 
amorphous  and  recrystallized  Al9oFe3Ce7.  A  summary  of  corrosion 
potentials,  corrosion  currents  and  pitting  potentials  for  the  alloys  as  a 
function  of  composition  and  for  pure  crystalline  aluminum  and  iron  foils 
is  presented  in  Taole  I.  The  corrosion  potentials  are  nearly  the  same  for 
the  alloys  and  pure  aluminum  while  the  corrosion  currents  (hence, 
corrosion  rates)  for  the  amorphous  alloys  are  larger  than  that  for  pure 
aluminum. The  corrosion  current  for  amorphous  AlgoFOaCey  is  significantly 


smaller  than  that  of  crystalline  AlgoFeaCe;  which  is  probably  due  to  lac 
of  grain  boundaries  in  the  amorphous  state  as  will  be  shown  later  from 
SEM  micrographs.  The  corrosion  currents  for  the  amorphous  alloys  also 
decrease  with  increase  in  cerium  content.  Pitting  potentials  for  the 
amorphous  alloys  are  more  positive  than  that  for  pure  aluminum  or 
crystalline  Al9oFe3Ce7  alloy  indicating  that  the  physical  and  chemical 
nature  of  passive  films  for  the  amorphous  alloys  are  more  resistant  to 
pitting  than  for  pure  aluminum  and  crystallized  alloys. 


SEM  Studies: 

Figure  2  shows  a  comparison  of  SEM  micrographs  for  amorphous 
and  recrystallized  AlgoFoaCe^  indicating  the  lack  of  grain  boundaries  in  the 
amorphous  state  in  contrast  to  the  crystalline  state.  Figure  3  shows 
SEM  micrographs  for  the  control  (no  passivation)  and  passivated 
amorphous  AlgoFe^Cea.  Again,  these  micrographs  display  no  gram 
boundaries  revealing  the  amorphous  nature  of  the 
elemental  analysis  confirms  that  the  few  crystallites  displayed  by  the 
SEM  micrograph  on  the  surface  of  passivated  AlgoFevCea  (Figure 
represent  contamination  by  NaCI  crystallites  from  the  solution. 


(AMORPHOUS) 


Figure  2  SEM  micrographs  for 
amorphous  and  recrystallized 

AlgoFe3Ce7. 


Al9oFe7Ce3  (0.9WT%  NaCl,  30  MIN  PASSIVATION) 

Figure  3  SEM  micrographs  for 
the  control  and  passivated 
amorphous  Al9oFe7Ce3. 


A  summary  of  elemental  concentrations,  in  atomic  percent,  as 
determined  by  EDAX  is  listed  in  Table  II. 


Table  II.  Elemental  concentrations  for  amorphous  (A)  and  recrystallized 
(C)  alloys  in  the  as  received  conditions  (control )  and  after  passivation  by 
anodizing  below  the  pitting  potential:  a)  in  0.9  wt%  NaCI  for  30  minutes 
(PS  #1)  and  60  minutes  (PS  #2)  and  b)  in  3.5  wt%  NaCI  for  30  minutes 
(PS  #3).  Concentrations  in  parentheses  correspond  to  Al,  Fe  and  Ce 
normalized  to  100%  to  allow  for  comparison  with  those  for  the  control 
samples. 


Sample 

Treat. 

Concentration  (atomic  oercent) 

Al 

Fe 

Ce 

Cu 

'Nia 

Cl 

^190^6*7063  (A) 

Control 

88.5 

B 

3.7 

0.4 

PS 

m 

8.2 

(8.8) 

4.5 

(4.8) 

0.6 

2.3 

PS  #2 

74.7 

(84.0) 

9.1 

(10.2) 

0.5 

9.6 

1.0 

PS  #3 

77.2 

(86.8) 

m 

4.1 

(4.6) 

0.4 

8.4 

2.3 

AI90FG5C65  (A) 

Control 

88.3 

5.1 

6.1 

0.5 

PS  #1 

m 

6.6 

(6.9) 

0.5 

4.1 

0.4 

PS  #2 

79.7 

(86.6) 

6.0 

(6.5) 

6.3 

(6.8) 

0.6 

6.5 

0.9 

Al9oFe3Ce7  (A) 

Control 

88.8 

3.2 

7.9 

0.1 

PS  #1 

82.3 

(85.8) 

3.9 

(4.1) 

9.7 

(10.1) 

0.0 

3.3 

0.8 

PS  #2 

76.7 

(85.9) 

3.6 

(4.0) 

9.0 

(10.1) 

0.2 

6.8 

B 

AlgoFe3Ce7  (C) 

Control 

88.9 

3.0 

7.9 

0.1 

■ 
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The  copper  impurity  is  an  ^A'fmell^Tnnlng 

procedure  which  employs  a  copper  we  analysis  of 

apparatus;  sodium  and  =^'°""®®7ar^ination  from  the  aqueous  NaCI 
passivated  samples  and  are  due  to  -nntrni  samples  are  in  good 

solution.  The  concentrations  for  '^Pdaring  sample 

sirghtTecre^sTrn't'he  A,  content 

Srto';:"n?rora^?arro=^^ 

Fe  and  Ce  from  the  bulk  into  the  near  surface  region  as  a 
passivation  procedure. 

XPS  Studies; 

Survey  spectrum,  high  resolution  lnce°bjnd 

"omroi  Zfe^Ce:  have  been  ^t'd  x^S  ^ 

briefly  discussed  here.  Figures  4  and  5  show  ang  e  resoi 

of  Ai  2p  and  0  PP-^'^zra  d"“o  TsXoe~^l^^^^  we^e 
resolved  spectra  of  the  AI  2p  mpa«;ured  relative  to  sample 

measured  for  0  (electron  emission  an^g  The  AI  2p 

energy  component  whose  dTreases  ^th 

line  consists  of  an  asymmetric  peak  due  to  the  pre  resolved 

peaks  which  are  not  quite  resolved  “^„e  fit  analysis, 

using  standard  curve  fit  analysis  procedures^  531  2  and  532.4  eV  were 
two  components  with  binding  energies  0  ■  indicating 

resolved  corresponding  to  hydroxyl  groups  and  'O"'® 

‘nr.OHr  rt  0  ?s"tp^cra"srow  t^a^  the  mtenshy  ratio  of  the  peck 

wrmsponding  to  hydroxyl  groups  to  that  of  '°™P  ^^9P"fne'' kTand  01  s 
increase  in  «  The  observed  angle  dependencies  for  both  the  Ai  ana 
lines  are  consistent  with  a  layered  structure  in  which  the  A^FejC  3 


ELECTRON  COUNT(ARB 


is  covered  with  native  oxide  of  - 

can  also  be  used  to  determine  the  film  thickness  oi 

XPS  spectra  of  passivated  ailoys  in  Zfe 

minutes  and  then  dried  in  a  surface  region  have  significantly 

and  Ce  concentrations  in  the  -llovs Figures 

increased  relative  to  their  ^ ,0  Fe  2p  and  Ce  3d  XPS 

R  7  and  8  show  compsrisons  spoctra  P#  ^  —  ar°  for 

spectra,  respectively,  taken  at  f  passiv'ated 

control  Al9oFe7Ce3  and  60  minutes  The  A1  2p  spectra 

AleoFeaCe^  in  aqueous  0.9  wt%  Nad  ,,  oxidized  A1 

for  passivated  alloys  display  a  rn^^hich  display  two  components 
in  contrast  to  the  control  spectrum  which  ^p  spectrum  of 

corresporjding  to  oxidized  and  Jl^_^  2p3,,)  with 

control  AlgoFeyCea  displays  p  _„tpiiir  Fp  The  Fe  2p  spectra  for 
binding  ®n®rsi®s  broad  peak'  which  are 

passivated  AljoFCjCej  and  .’“  J‘.  .’  ,.^hose  of  the  control  spectra, 

shifted  to  higher  binding  energies  energies  and  their 

Xset"'-'' that  the  Fe  chemistry  in  the  passive  fiim 
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Figure  6.  XPS  spectra  of  Al  2p  for  control  and  passivated  alloys. 
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Figure  8.  XPS  spectra  of  Ce  3d  for  control  and  passivated  alloys. 


is  similar  to  that  of  Fe  in  Fe30,  for  AI„Fe,Ce3  and  Fe  in  <I-Fe303  or 
FeOOH  for  AI90FG3CG7. 


The  Ce  3d  spectra  of  Figure  8  display  broad  lines  for  each  of  the 
3d3/2  (high  binding  energy  component)  and  3d5/2  (low  energy 

con^ponent)  spin  orbit  doublet.  The  shoulders  on  the  low  binding  energy 
side  for  each  component  corresponds  to  the  well  known  shake-down 
structure. Based  on  the  binding  energy  of  the  principal  lines, 
the  nature  of  the  shake  down  structure,  and  the  magnitude  of  the  spin 
orbit  splitting  we  conclude  that  the  oxidation  state  of  Ce  in  the  passive 
film  for  AUFe^Cea  and  Al9oFe3Ce7  is  mainly  3,  i.e.,  similar  to  that  of  Ce 
in  CejOa  or  Ce(OH)3.  A  peak  at  roughly  916  eV  in  the  Ce  3d  spectrum 
for  Al9oFe3Ce7  is  characteristic  of  Ce  in  the  +4  oxidation  state  sue  as 
that  of  Ce  in  CeOj.  Hence  the  chemistry  of  a  fraction  of  Ce  in  the 
passive  film  of  Al9oFe3Ce7  is  simi.ar  to  that  of  Ce  ii.  CeOj. 


XAFS  Studies: 

Figures  9  and  10  show  the  Fe  K-edge  and  Ce  L3-edge  XANES 
spectra,  respectively,  for  control  alloys  and  alloys  passivated  in  0.9  /o 
NaCl  for  60  minutes  and  then  dried  in  a  stream  of  dry  nitrogen  gas.  The 
Fe  K-edge  spectra  were  compared  with  the  reference  spectrum  of 
structurally  well  defined  a-Fe203.  The  Fe  K-edge  spectra  for  the 
passivated  alloys  are  clearly  distinct  from  those  of  control  a"0VS  but 
resemble  more  closely  the  spectrum  of  a-Fe203.  Note  that  the  XANES 
spectra  of  Fe304,  a-Fe203,  K-Fe203,  and  y-FeOOH  are  very  similar  and  can 
not  be  dibunguished  from  -ach  other.  In  all  of  these  compoun^  the 
oxidation  stale  of  Fe  +3  except  for  Fe304  where  one-third  of  Fe  is 
present  in  the  +2  and  two-thirds  of  Fe  is  present  in  the  +3  oxidation 
states.  Hence,  the  oxidation  state  of  the  majority  of  Fe  in  the  passive 
film  is  +3.  The  Ce  L3-edge  spectra  of  Figure  10  were  compamd  with 
reference  spectra  of  structurally  well  defined  Ce(N03)3  and  CeOj.  It  is 
shown  that  the  spectra  of  passivated  alloys  are  clearly  distinct  from 
those  of  the  control  alloys.  The  Ce  L3-edge  spectrum  for  passivated 
AlqnFe7Ce3  resemble  more  closely  that  of  Ce(N03)3  while  that  o 
passivated  Al9oFe3Ce7  is  identical  to  that  of  Ce02.  The  ^Pectrum  for 
passivated  AlgoFegCeg  is  intermediate  between  those  of  Ce{N03)3  and 
CeOj  Based  on  these  results  we  conclude  that  :he  oxidation  state  of  Le 
in  the  passive  film  of  Al9oFe7Ce3  is  mainly  +3  with  only  a  small  amount 
of  Ce  in  -t-4  state.  The  majority  of  Ce  is  present  in  the  +3  oxidation 
state  with  the  remainder  being  present  in  the  +A-  oxidation  state  in  t  e 
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passive  film  for  AI„Fe,Ces.  For  Al3„Fe3Ce„  Ce  in  the  passive  filrn  is 

present  only  in  the  +4  oxidation  state.  This  indicates  that  the  fraction 

of  Ce  in  the  +  4  oxidation  state  increases  with  increase  in  the  Ce  content 
of  the  alloy.  XANES  spectra  of  passivated  alloys  rinsed  with  copious 
amounts  of  deionized  HjO  (not  shown  here)  show  that  the  fraction  of  Ce 
in  the  +3  oxidation  state  decreased  relative  to  those  for  samples  dried 
in  a  stream  of  nitrogen  gas.  Thus,  the  effect  of  HjO  rinsing  on  t  e 
chemistry  of  Ce  in  the  passive  film  region  is  to  oxidize  a  fraction  of  Ce 
present  in  the  +3  state  to  Ce  in  the  +4  state.  No  change  in  the 
chemistry  of  Fe  is  observed  in  samples  rinsed  with  copious  amounts  of 
deionized  H2O  vis.  samples  dried  in  a  stream  of  dry  nitrogen  gas. 
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